This study describes a novel approach for the use of thermal analysis to study the aftermath of the fluid bed melt granulation process and to depict the growth mechanism of the granules by quantifying the enthalpies of the granules at every physicochemical change using DSC and their mass loss through TG coupled to MS for a qualitative determination of the composition and amount of the evolved gases for the corresponding fragment ion. The experiments were made in situ with lactose monohydrate and two viscosity grades of PEG (2000 and 6000) as meltable binders with different contents and size fractions. DSC showed the presence of a beta lactose endotherm peak after the melting of alpha lactose and a proportional increase in its intensity with the increase in the particle size and the content of the binder, which suggested a relation with the agglomeration growth. Interestingly, TG and MS showed a larger reduction in the water content from lactose with the increase in the binder particle size, making it possible to evaluate the dehydration during the melt granulation. Indeed, during the distribution mechanism the low binder particle size and viscosity exposed lactose to a high heat transfer from the fluidizing air. However, a high binder particle size results in lactose immersed in the PEG particles, causing water to be trapped inside the granules and hence a larger reduction in water mass loss indicating the immersion mechanism. Therefore, thermal analysis is a promising tool for granulation growth control.
Introduction
Hot melt technology is a commonly used robust method in pharmaceutical research as it allows the influence of the bioavailability of drugs and numerous applications such as the preparation of eutectic mixtures [1, 2] and solid dispersions in order to provide time-controlled, modified, extended and targeted drug delivery as well as taste masking of bitter active pharmaceutical ingredients (APIs) [3, 4] . Fluid bed melt granulation (FBMG) is another technique that is gaining popularity in the pharmaceutical industry due to its multiple advantages [5, 6] . It uses a molten binder to agglomerate the pharmaceutical powder particles. Following particle agglomeration and consolidation, the granules are cooled to room temperature and a solid end product with a granular structure is formed [7] [8] [9] [10] . For this granulation method, the drying step, which is required after wet granulation, is eliminated; hence, the process time and energy requirements are significantly reduced. Since no liquids are used, HMG has the possibility to agglomerate moisture-sensitive materials [11, 12] . Furthermore, melt granulation can be used to develop highdose formulations with up to 90% of active pharmaceutical ingredient (API) [13, 14] . During melt granulation, the thermal energy involved in the melting of the binding material will be induced by the heat transfer from the conveying fluidizing air to the power bed. The latter will bring about changes in the physicochemical properties of the final product; therefore, the determination of the favorable process condition for the desired quality attributes of the granules must be established. For years, thermal analysis techniques were used in research to give an insight into the properties of materials and could advantageously be used in the quality control of drug products [15] . The methods are commonly used in preformulation for the study of polymorphism and for the study of the interactions between the drug substance and the excipients, since these physical interactions can be the basis of dosage form performance [16] . For the routine control of the drug products and raw materials, these methods which are quick, automated and require only a few mg of the samples are very attractive for routine analysis [15, 17] . In preformulation, these techniques are particularly valuable for the construction of phase diagrams [18, 19] and the study of the interactions between the drug substance and the excipients. Polymorphism or hydrate formation may be studied by these techniques in granulation and lyophilization for the development of solid dispersions and even in the dosage form [20, 21] .
Differential scanning calorimetry (DSC) is a technique used to investigate the response of materials to heating, such as the melting of a crystalline polymer or glass transition [22] . Also, thermal gravimetric analysis (TGA) provides information on the continuous mass loss characteristics of the samples to clarify their behavior at a hightemperature region, whereas the combination of thermogravimetry and mass spectrometry (TG-MS) allows obtaining especially qualitative information about the composition of evolved gases during the thermal decomposition of solids [23, 24] . A single scan can give several pieces of qualitative and quantitative information about components in the galenical form [25] [26] [27] . While the application of thermal analysis began in research, it is now used for development in the control of processes and product quality. Today, thermal analysis is an essential tool for materials research and development, while quality assurance is now one of the hot topics in thermal analysis [28] [29] [30] [31] .
This study focuses on the off-line analyzed properties of granules prepared by a FBMG process. The different powder compositions and process conditions will determine the structure, growth and properties of the granules. Our approach describes the evaluation of the characteristic thermal responses of granules through the quantification of the mass loss of granules and their enthalpies at every physicochemical change and through a qualitative determination of the composition of the evolved gases (relative amount and shifts in characteristic peaks). This investigation suggests a relation with the agglomeration growth and demonstrates the use of thermal analysis in designing the optimal conditions for the desired quality attributes of products.
Materials and methods

Materials
Alpha-lactose monohydrate (Ph. Eur.) was used as a model filler with a mean particle size of 100.16 lm. Two low melting point polymers: polyethylene glycol 2000 (PEG 2000) and polyethylene glycol 6000 (PEG 6000) (Fluka, Switzerland), were used as meltable binders. The PEG flakes were finely ground using the planetary ball mill PM 100 (Retsch, Dusseldorf, Germany) at 150 rpm for 30 min and then sieved using laboratory test sieves (Retsch, Germany) into different size fractions (63-125, 125-250, 250-500, 500-710, 710-900, 900-1120 lm).
Fluid bed melt granulation process PEG and lactose monohydrate were granulated in a Strea-1 (Niro Aeromatic, Bubendorf, Switzerland) fluid bed chamber. A batch size of 200 g was used. The materials were mixed for 5 min in a Turbula mixer (Willy A. Bachofen Maschienenfabrik, Basel, Switzerland) to homogenize the physical mixture since there are not enough shear forces in the fluid bed granulator. Then, they were inserted and fluidized in the preheated chamber for a period of 10 min and at constant air velocity of 2.5 m s -1 . The experiments are summarized in Table 1 . The varied factors were the viscosity since PEG 2000 and PEG 6000 have different molecular masses and chain lengths, the meltable binder content ranging from 5 to 20% with a step of 5% W/W and the binder particle size in 5 different size fractions. The size fractions 125-250, 250-500, 500-710, 710-900, 900-1120 lm were used regarding PEG 2000 and the size fractions 63-125, 125-250, 250-500, 500-710, 710-900 regarding PEG 6000. The inlet air temperatures were 90 and 100°C for PEG 2000 and 6000, respectively. The outlet air temperatures were 60 and 70°C for PEG 2000 and 6000, respectively, since the melting point of PEG 2000 and 6000 is 53 and 63°C, respectively.
Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were performed with a DSC 821 e (Mettler-Toledo GmbH, Switzerland) instrument on raw materials and the corresponding granules after melt granulation. The samples were heated steadily from 25 to 500°C in a non-hermetically sealed 40 lL aluminum pan. The heating rate was 10°C min -1 . The mass of the samples was 8 ± 1 mg, and the measurements were performed in an Argon atmosphere at a rate of 100 mL min -1. Three parallel examinations were done for all samples. The curves were evaluated with STARe Software.
Thermogravimetric analysis-mass spectrometry
The thermal gravimetric analysis (TGA) of the samples was carried out with a Mettler-Toledo TGA-DSC1 instrument (Mettler-Toledo GmbH, Switzerland) in a flowing nitrogen atmosphere (70 cm 3 min -1 ). Approximately 16 mg of each sample in aluminum pans (100 lL) underwent thermal analysis, with a heating rate of 10°K min -1 , from 25 to 500°C. The examination of the granules was supplemented with gas analysis. The TG instrument was coupled to a Thermo Star (Pfeiffer) quadruple mass spectrometer (maximum 300 amu) for gas analysis. The measurements were carried out in nitrogen atmosphere. Ions with various mass numbers were determined with the SEM MID measurement module of the Quadera software. Continuous recordings of sample temperature, sample mass and heat flow were performed. The obtained results were exported and then plotted in one coordinate system with the TG curves using the Mettler-Toledo Star e software.
Results and discussion
Differential scanning calorimetry
The DSC curves of the raw materials are presented in Fig. 1 . From the heat flow curve of a-lactose monohydrate, three endothermic peaks can be observed. The first endothermic peak corresponds to crystal water evaporation around 142°C. The second peak corresponds to the melting of lactose and has an onset at 217°C and a peak temperature at 222°C, as shown in Table 2 . The third peak Quantitative and qualitative use of thermal analysis for the investigation of the properties… 621 is a small endothermic peak observed at 245°C, which corresponds to a mass loss step. A small exothermic peak is clearly seen from the DSC curve at 310°C. This peak is the sum of the exothermic degradation and the mass loss endotherm, which occurs in the same temperature region for a-lactose monohydrate [5] . The DSC curve of PEG 2000 exhibited a melting peak at 52°C with an onset at 48°C. On the other hand, PEG 6000 has a melting peak at 63°C with an onset at 57°C due to the difference in the molecular mass of the polymers. From the heat flow curves of raw materials, no glass transition temperature T g can be identified. This can be explained by the fact that PEG is a crystalline polymer. When the melting point of a crystalline material is reached, the solid state transfers abruptly from the solid to the molten state and makes the PEG binder melt. Therefore, the influence of temperature elevation on the properties of the granules is negligible [4] .
In Fig. 2 , the DSC curves of the granule samples prepared with PEG 2000 and 6000 are presented for different binder contents and a fixed binder particle size. We noticed from the heat flow curves that the melting point of PEG 6000, appearing in all samples, has shifted about 5°C lower than observed in its pure form. A wide range of papers describe that polymeric chains exhibit a different organization and properties (i.e., thermal transition, chain conformation) in the presence of a solid surface (i.e., filler, plasticizer) compared to polymeric chains in the bulk [4] ; this is caused by the filler molecules that will get in between the polymer chains, space them out of each other and hence increase the free volume. Molecules can then slide past each other more easily, resulting in a decrease in the melting point. In addition, this mobility becomes more expressed at a higher filler concentration. Indeed, the heat flow enthalpy of the melting of PEGs depends on binder concentration as can be seen for S15 and S13, where the filler content increased and the melting temperature of the binder decreased, respectively.
On the other hand, the loss of crystal water from alactose monohydrate did not appear in the same thermal range as in the raw material (Table 3) , attributed to the free volume experienced when in contact with the polymer, lowering the crystal vaporization temperature. Also, the normalized integration of the signal intensity demonstrates a decrease when using a higher binder content [8] .
However, the most predominant observation was the presence of an endothermic peak between the melting of alactose monohydrate and its decomposition (Fig. 2) . The peak had an onset at 225 and 227°C for PEG 2000 and 6000, respectively, and a peak temperature at 229 and 227°C for PEG 2000 and 6000, respectively (Table 2 ). This peak is present only in granulated samples, which suggests that it is a result of the melt granulation process. This reveals important information on granule formation, namely that low-viscosity polymer (PEG 2000) in a low content generated this small endotherm peak, while with the increase in content the intensity of the peak increased proportionally. According to the hypothesis of Mašić et al. [12] , after the dehydration of lactose monohydrate and the melting of anhydrous a-lactose, recrystallization into b-lactose occurred, followed by the melting of anhydrous b-lactose (which corresponds to the above-mentioned endotherm melting peak). So first it is needed to know that beta lactose is a low hygroscopic material with high storage stability and appropriate for water sensitive drugs formulations, which is one of the key points of FBMG [32] . Figure 3 shows the evolution of the b-lactose melting peak with different binder particle sizes. The intensity of the peak is proportional to the increase in binder content, showing that the presence of PEG influences the conversion of a-lactose monohydrate into anhydrous b-lactose. Indeed, when using a low viscosity and a low binder content and size, the mechanism taking place is the distribution mechanism. The lactose is exposed to the hot fluidizing air, and the transformation to b-lactose starts showing. However, the increasing binder particle size and content generate a higher wetting surface for more growth by coalescence. This increase is proportional to the intensity of the peak due to the high heat transfer occurring during the phase 
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Quantitative and qualitative use of thermal analysis for the investigation of the properties… 623 change of PEG 2000. On the other hand, the binder particle size had an inversely proportional effect on this endotherm peak (Fig. 3) . It can be seen that for granules with a highviscosity polymer 6000 and a high particle size of binder, the peak height for the melting of lactose is relatively close to the pure filler. Also, the enthalpy of melting b-lactose is less pronounced. It is clear that the height of the a-lactose melting peak is inversely proportional to the melting peak of b-lactose, which can be explained by the granulation growth during the process. Since in this system the immersion mechanism dominates, the particles of lactose will be immersed inside the PEG particle, which will have a restricted mobility; this will cause the filler to stick to the surface of the polymer and get immersed, shielding it from the fluidizing air temperature and hence from dehydration, and will result in the low b-lactose melting peak intensity. This indicates the possibility to determine the relative structure of the granules and their mechanism of formation. It helps validate the results obtained, suggesting the binder particle size as the parameter with the greatest influence on the growth mechanism.
Thermogravimetric analysis
The burning characteristics of the samples obtained from thermogravimetric analysis (TG-DTG) may be used to effectively compare the decomposition characteristics of the raw materials and their blends in granules. The TG curve of a-lactose monohydrate shows three distinctive stages. The first mass loss of 4.52% is observed between 136 and 160°C (Table 3) . This mass loss is attributed to the elimination of crystal water as it clearly illustrates that the heating resulted in the loss of 1 mol of bound water and is in agreement with the theoretical value of 1 mol of water in lactose monohydrate (5%) [32] . However, researchers reported that the first and major mass loss of water occurred between 40 and 130°C and was presumably the loss of surface water [1, 22, 32] . The second mass loss occurred between 222 and 265°C and peaked at 153°C, accompanied by a mass loss of 14.55% caused by the thermal decomposition of lactose monohydrate. This process is called pyrolysis. The primary reaction products of pyrolysis tend to polymerize, resulting in brown-and black-colored macromolecules. Eventually, lactose becomes black on heating. Another mass loss is observed between 290 and 330°C with a mass loss of 55.68%. This step can be interpreted as being due to the addition of the mass loss of decomposition of water and carbon dioxide. Regarding the TG profile of PEG 2000 and 6000, only one mass loss was observed between 388 and 438 and peaked at 415°C with a mass loss of 98.79%, and it corresponds to the decomposition of the materials. The TG and DTG curves of the raw materials are shown in Fig. 4 . Table 4 shows the temperature ranges, peak temperatures, mass loss and the normalized integral of granule samples. The main characteristics of the samples derived from TG-DTG curves such as reaction regions and corresponding mass loss values were used to define the thermal behavior and combustion characteristics of granules. In these regions, one of the most important thermal reactions is the elimination of water molecules through dehydroxylation. The dehydroxylation temperature can be influenced by the amount of impurities present in the material and the degree of disorder in the granules. Regarding the latter, the amount of lactose is higher than the PEG and the temperatures of dehydroxylation were found to be in relation with the crystallinity of lactose for a lower crystallinity index when increasing the PEG content. Hence, the operating parameters during the FBMG will determine the final attributes of the granules, giving an insight into the design space that must be assured for the desirable final product. It can be seen that mass loss in granules comes in four stages. The first mass loss occurred between 80 and 140°C. This thermal range includes two stages of mass loss. The first dehydration between 80 and 100°C is attributed to the elimination of water molecules adsorbed on the external surfaces of the lactose particles as well as a second stage between 100 and 140°C, corresponding to the loss of crystal water. This theory is based on the known stages of mass loss of lactose monohydrate as well as the presence of the polymer that shifted the mass loss of the granules by 2-5°C, which is caused by the increase in the free volume in the granules.
The differences in the thermal range of the first mass loss in granules were due to the granules' structure and composition. The evolution of the second stage is illustrated in Fig. 5 .
It describes the evolution of the water content of the granules during the granulation process. The intensity of the mass loss varies with the binder content and with the binder particle size. This variation is linked to the formation of granules. When using a low binder particle size, the growth mechanism taking place is the distribution, and the binder in a molten state will spread on the surface of the lactose enabling the formation of nuclei and hence the formation of granules. This growth mechanism gives definite attributes to the structure of granules [12] . The porosity and friability of the granules are increased, making the lactose particles subject to hot fluidizing air and hence to dehydration. The amount of water content in the granules will be described as water release. Indeed, there was a small reduction in mass between 80°C and 131°C for S03 and S13 indicating that the raw material a-lactose monohydrate contained more surface water than the granule, which leads to the conclusion of the granule growth being in relation to the composition of the granules, determined by the conditions established during the granulation process. The increase in the binder content slightly affected the water content of the granules. Figure 5 shows that the mass loss slightly increased with the increase in binder content, which can be interpreted as a prevention of mass reduction as it helped shield the lactose particle from the hot fluidizing air. As for the viscosity grade, its influence could be seen when in high grade, as in the case of PEG 6000. Table 4 shows the variation of the four stages of mass loss for both PEG 2000 and 6000 viscosity gradients. Quantitative and qualitative use of thermal analysis for the investigation of the properties… 625 The use of a low-viscosity grade binder combined with a low binder content and particle size showed a poor mass loss in the first stage, which is attributed to a specific growth mechanism. The distribution of the melted binder over the lactose particles will result in adhesion and formation of nuclei. The latter will agglomerate if enough binding surface is available and will form granules. Their final structure gives the latter defined quality attributes.
The lactose particles will be submitted to high temperature during granulation, and with the distribution mechanism, only a small part of the granules will be covered with the binder PEG 2000. This result could be quantified with TG. A mass loss in the lactose crystal water was identified. This mass loss was very low compared with the raw material due to the dehydration of crystal water during the heating phase of the melt granulation. The mass loss was proportional to the increasing binder content. The increased binding surface resulted in lactose being covered and a low dehydration process (Table 4) . However, the increase in binder viscosity led to a mass loss which was slightly higher but not significant enough for a change in the granulation mechanism. Indeed, the viscosity plays only a secondary role in the growth of the granules. It is the binder particle size that has the primary effect, and the results showed that the increase in binder content even at low binder content and viscosity grade resulted in a significant mass loss in the first stage of the decomposition of the granules (Fig. 5) . Temperature/°C 8  6  4  10  12  14  16  18  20  22  24  26  28  30  32  34  36  38  40  42  44  min   Time/min   2   8  6  4  10  12  14  16  18  20  22  24  26  28  30  32  34  36  38  40  42  44  min   Time/min   2   8  6  4  10  12  14  16  18  20  22  24  26  28  30  32  34  36  38  40  42  44 Quantitative and qualitative use of thermal analysis for the investigation of the properties… 627
The curves also revealed a shift in the melting point of the granules (Table 4) . Indeed, the presence of the polymer helped increase the free volume and this explains the temperature drop in the first mass loss stage and water will be given out around 80°C. The higher the amount of the polymer, the lower the temperature at which water is given out. The same can be said when increasing the binder content. The free volume is at its highest value, and the shift in temperature is more predominant (Fig. 6 ).
Mass spectrometry
In order to clarify the decomposition mechanism of the granules, the mass loss during each decomposition process should be characterized by the identified evolution components. The interpretation of the mass spectra occurs on the basis of degassing profiles from the molecule ions of (m/z = 28) and CO 2 ? (m/z = 44); and other molecules ions summarized in Table 5 .
The evolution of gas species has been followed in situ by the coupled TG-MS system. The evolution curves of ion ? (m/z = 18); corresponding peaks are also found in the ion current curves for OH ? (m/z = 17) and O ? (m/z = 16). It can be safely concluded that water is given out at about 125, 250 and 315°C from the samples, which is consistent with the mass loss observed from the TG curves. The dehydration takes place in the minor step at around 125°C, which is attributed to the dehydration of lactose monohydrate (Fig. 7) .
The ion fragment m/z = 16 (O ? ) originates mainly from the evolution of both H 2 O ? and O 2 ? . Some change in intensities of the m/z = 44 fragments was observed, probably as an oxidation effect caused by the intense oxygen evolution. Basically, this fragment ion indicates the evolution of CO 2
? . The ion current curves for the evolved gases show for m/z = 44 an increase in concentration at around 250°C, which is attributed to the decomposition of a material. A further increase in the concentration of CO 2 occurs at 415°C, which is assigned to the decomposition of polyethylene glycol (Table 5) . Temperature/°C An important increase in the concentration of polyethylene glycol is recorded for m/z = 31 and m/z = 33 due to the presence of the binder in the granules. The intensity of the peaks is proportional to the amount of PEG present in the composition of the granules, proving the relative correlation between the quantity of PEG and the evolved gases. The comparison of the granules has shown that their thermal decomposition is determined by different factors, such as their structure and composition, and the increase in concentration in the MS curves corresponds precisely to the mass loss in the TG curves.
Conclusions
The thermal decomposition of granules made through in situ fluid bed melt granulation has been examined using DSC and TG-MS, which proved to be very useful techniques for the determination of the thermal decomposition and structure of these pharmaceutical drug delivery products. DSC showed that the binder particle size was responsible for the transition from the distribution to the immersion mechanism. This transition was identified by the conversion from a-lactose into b-lactose monohydrate caused by the dehydration of lactose during the FHMG process.
TG-MS have detected and monitored thermally evolved H 2 O
? (m/z = 18), CO 2 (m/z = 44) and polyethylene glycol (m/z = 31, 33). The temperature of the dehydroxylation of the granules is influenced by the free volume depending on the content and the particle size of the polymer. The increase in concentration in the MS curves corresponds precisely to the mass loss in the TG curves. Regarding the growth mechanism, the distribution mechanism occurred when using a low binder particle size and viscosity. The lactose particles will lose a fraction of the adsorbed water during the heating phase of granulation. However, when using a high binder particle size, the lactose particles will be trapped and immersed in the PEG particles, causing the adsorbed water to be trapped inside the granules.
This theory was proven as a larger reduction in water mass loss indicates the immersion mechanism. The morphology and the structure of the granules were observed to be in relation to their mass loss profiles and helped identify the growth mechanisms through the quantitative evaluation of the TG data and the qualitative determination of the evolved gases. This makes thermal analysis a promising technique for granulation growth control by giving a qualitative and quantitative insight into FBMG. Quantitative and qualitative use of thermal analysis for the investigation of the properties… 631
